ϩ/Ϫ (109 Ϯ 2 to 134 Ϯ 3 mmHg, P Ͻ 0.001, n ϭ 8) and NCX1 smϪ/Ϫ (101 Ϯ 8 to 129 Ϯ 8 mmHg, P Ͻ 0.01, n ϭ 6) mice to a similar extent (⌬25 Ϯ 1 vs. ⌬28 Ϯ 4 mmHg, P Ͼ 0.05). In response to ANG II infusions, PAH clearance (CPAH) decreased from 1.39 Ϯ 0.27 to 0.98 Ϯ 0.22 ml·min Ϫ1 ·g Ϫ1 (P Ͻ 0.05) and glomerular filtration rate (GFR) was reduced from 0.50 Ϯ 0.09 to 0.32 Ϯ 0.06 ml·min Ϫ1 ·g Ϫ1 (P Ͻ 0.05) in NCX1 ϩ/Ϫ mice. In contrast, the NCX1 smϪ/Ϫ did not exhibit significant reductions in either CPAH (1.16 Ϯ 0.30 to 1.22 Ϯ 0.34 ml·min Ϫ1 ·g Ϫ1 , P Ͼ 0.05) or GFR (0.48 Ϯ 0.08 to 0.41 Ϯ 0.05 ml·min Ϫ1 ·g Ϫ1 , P Ͼ 0.05) during acute ANG II infusions. Using flometry to measure renal blood flow continuously, NCX1 smϪ/Ϫ mice had significantly attenuated responses to ANG II infusions (Ϫ34.2 Ϯ 3.9%, P Ͻ 0.05) compared with those in NCX1 ϩ/Ϫ mice (Ϫ48 Ϯ 2%) or in wild-type mice (Ϫ69 Ϯ 7%). These data indicate that renal vascular responses to ANG II are attenuated in NCX1 smϪ/Ϫ mice compared with NCX1 ϩ/Ϫ mice and that NCX1 contributes to the renal vasoconstriction response to acute ANG II infusions. sodium/calcium exchanger; renal vascular tone regulation; arterial pressure THE Na ϩ
sodium/calcium exchanger; renal vascular tone regulation; arterial pressure THE Na ϩ /Ca 2ϩ EXCHANGER (NCX) is a plasma membrane transporter expressed in various cell types including vascular smooth muscle cells (7, 14) . Membrane potential and transmembrane gradients of Na ϩ and Ca 2ϩ control this bidirectional exchanger (7) . Depending on the prevailing Na ϩ and Ca 2ϩ electrochemical gradients, the NCX can either extrude Ca 2ϩ in parallel with the plasma membrane ATP-driven Ca 2ϩ pump or it can mediate Ca 2ϩ entry in parallel with various ion channels (7) . Another family of plasma membrane Na ϩ /Ca 2ϩ exchanger proteins (NCKX) has also been identified in some mammalian tissues; NCKX mediates Ca 2ϩ movements that are both K ϩ and Na ϩ dependent (7) . The Ca 2ϩ movement mediated by members of the NCX family are, however, only Na ϩ dependent (7) . The mammalian NCX family comprises three isoforms that include NCX1, NCX2, and NCX3 (14, 19) . While the specific roles of these three isoforms are not yet established, their levels vary considerably during murine postnatal development (18) . The heart expresses NCX1.1 exclusively, and vascular tissue expresses predominantly the NCX1.3 and NCX1.7 splice variants of NCX1 (14) . NCX1 has also been found in distal convoluted tubule cells (20, 33) . The NCX1 gene transcript undergoes alternative splicing to produce tissue-specific isoforms with distinct functional characteristics (26) . Ca 2ϩ entry induces muscle contraction, neurotransmitter release, and activation of various signal transduction pathways. Ca 2ϩ that enters the cells must be extruded to avoid Ca 2ϩ overload (16) . The Ca 2ϩ entry mode of vascular NCX1 is involved in the contractile regulation of small arteries and in the development of salt-dependent hypertension (7, 14) . Heterozygous NCX1-deficient (NCX1 ϩ/Ϫ ) mice have low-salt sensitivity, whereas transgenic mice that specifically overexpress NCX1.3 in smooth muscle (NCX1.3 smTg/Tg ) have elevated blood pressure and are hypersensitive to salt (14) . These findings indicate that salt-sensitive hypertension is linked to Ca 2ϩ entry through NCX1 in arterial smooth muscle (14) . Indeed, NCX1 protein is upregulated in arteries in several types of hypertension (23, 31, 36, 39) .
Several reports reveal that Ca 2ϩ entry via vascular NCX1 is involved in pressure-induced myogenic constriction (14, 15, 24, 35) . Furthermore, arteries from smooth muscle-specific NCX1 knockout (NCX1 smϪ/Ϫ ) mice exhibit reduced Ca 2ϩ entry into vascular smooth muscle cells and reduced myogenic tone (25, 35) . Renovascular function plays a pivotal role in salt-dependent hypertension (9, 34) , and it has been reported that Na ϩ /Ca 2ϩ exchanger mechanisms are disrupted in saltsensitive hypertension (2, 21, 32) . In contrast, other groups observed enhanced expression of NCX1 in arterial smooth muscle in several forms of hypertension (10, 23, 39) . This might imply that NCX-mediated Ca 2ϩ transport is enhanced under these circumstances. Nevertheless, the role of NCX in mediating the renal hemodynamic responses to angiotensin II (ANG II) has not yet been assessed. We hypothesized that renal vascular responses to acute ANG II infusions are attenuated in NCX1 smϪ/Ϫ mice because agonist-induced vasoconstriction is attenuated in systemic (mesenteric) small arteries isolated from these mice (35) . To explore this possibility, we determined renal function and renal blood flow responses in male anesthetized NCX1 smϪ/Ϫ and littermate NCX1 ϩ/Ϫ mice (35) before and during acute ANG II infusions. Importantly, vascular tone and blood pressure (BP) in NCX1 ϩ/Ϫ mice do not differ significantly from wild-type mice with the same C57BL/6 genetic background (35) .
METHODS

Animals.
Studies were performed on 9-to 12-wk-old male NCX1 smϪ/Ϫ and their heterozygous NCX1 ϩ/Ϫ littermates generated and genotyped at the University of Maryland, Baltimore (35) . The smooth muscle NCX1 knockout was generated by Cre-recombinase with Cre regulated by the smooth muscle myosin heavy chain promoter, but the Cre Ϫ mice are global heterozyotes (NCX1 ϩ/Ϫ ) as explained previously (35) . The background for all mice was C57BL/6. Unmatched normal wild-type mice (C57BL/6) were obtained from Jackson Laboratories (Bar Harbor, ME).
The mice were maintained on a 12:12-h light-dark schedule (6 AM to 6 PM) at 25°C in the animal facility at Tulane University. Normal mouse diet along with tap water was provided. The protocol was approved by the Institutional Animal Care and Use Committee of Tulane University Health Sciences Center.
Experimental protocol. At the time of the experiments, mice obtained from Maryland weighed 39 Ϯ 2 g and kidney weights (both kidneys) averaged 483 Ϯ 46 mg. Wild-type mice (n ϭ 6) were smaller weighing 26 Ϯ 1g with an average kidney weight of 168 Ϯ 13 mg (per kidney). Systolic BPs (SBP) in awake mice were measured by noninvasive computerized tail-cuff plethysmography (Visitech BP2000, Apex, NC). On the day of the experiment, mice were anesthetized with Inactin (thiobutabarbital sodium) injected intraperitoneally at 200 mg/kg body wt. Supplemental doses of anesthesia were administered as required to maintain a stable plane of anesthesia. Once a stable level of anesthesia was obtained, judged by heart rate and lack of toe reflex, mice were placed on a surgical table (37°C) with servo-control of temperature to maintain body temperature at 37°C. After the incision site was shaved, a tracheostomy was performed with PE-90 tubing; the exterior end of the tracheal cannula was placed inside a small plastic chamber into which humidified 95% O2-5% CO2 was continuously passed. The right carotid artery was cannulated with PE-10 tubing connected to PE-50 tubing for continuous measurement of mean arterial pressure (MAP) and blood sampling. MAP was recorded on a Grass polygraph (model 7D, Grass Instrument, Quincy, MA) through a Statham pressure transducer (model P23 Db, Statham-Gould, Oxnard, CA). The right jugular vein was catheterized with PE-10 tubing connected to PE-50 tubing for solution infusion. During surgery, isotonic saline containing 6% albumin (bovine; Sigma, St. Louis, MO) was infused at a rate of 4 l/min. The bladder was catheterized with PE-90 tubing via a suprapubic incision for urine collections. After surgery (in the left decubitus position), the intravenous infusion solution was changed to isotonic saline containing 1% albumin, 4.5% polyfructosan [Inutest (Inulin), Laevosan, Linz/Donau, Austria], and 1.5% para-aminohippurate (PAH; Merck Sharpe & Dohme, West Point, PA), and it was infused at 4 l/min. After a 60-min equilibration period, two 30-min control urine samples were collected. Following the two control periods (period 1 and 2), ANG II was infused at 5 ng·min Ϫ1 ·g Ϫ1 body wt. About 7 min were allowed after which MAP reached a peak level and urine samples were collected during the next two periods (periods 3 and 4, which lasted 20 min).
For the clearance experiments, renal plasma flow (RPF) was estimated from the clearance of PAH and glomerular filtration rate (GFR) was measured from the clearance of polyfructosan in anesthetized NCX1 smϪ/Ϫ (n ϭ 6) and NCX1 ϩ/Ϫ (n ϭ 8) mice, as described (6, 37, 38) . A terminal blood sample was collected from the arterial catheter at the end of each experiment for measurement of plasma PAH, polyfructosan, and sodium concentrations.
Urine, plasma PAH, and polyfructosan measurements. Urine and plasma PAH and polyfructosan concentrations were measured using standard colorimetric techniques as adapted for a plate reader (29) . RPF was estimated from PAH clearance calculated as the ratio of urine and plasma PAH concentrations times urine flow. It is recognized that PAH clearance may not provide a definitive measure of RPF because of the uncertainty related to the PAH extraction that has not been clearly delineated in mice. GFR was calculated as the ratio of urine and plasma polyfructosan concentrations multiplied by urine flow.
Renal blood flow measurement with ultrasound flowmetry. In a separate group of mice, renal blood flow (RBF) was measured directly by ultrasound in NCX1 smϪ/Ϫ (n ϭ 8) and NCX1 ϩ/Ϫ (n ϭ 6) anesthetized male mice by using a perivascular flow probe (model 0.5 PSB, Transonic, Ithaca, NY) positioned on the left renal artery (27, 30) . For comparison, RBF responses were also measured in wild-type mice (n ϭ 6). RBF was measured using a TS420 flow meter and recorded, along with arterial pressure measured through a pressure transducer (P23XL, BD, Franklin Lakes, NJ), with a computerized recording system (MP 100A-CE, BIOPAC System, Santa Barbara, CA). After a 60-min recovery period, baseline MAP and RBF were recorded during two 30-min periods as control (period 1 and 2) . Following the two control periods, ANG II was infused at 0.1, 0.25, 0.5 ng·min Ϫ1 ·g Ϫ1 body wt, respectively. There was a 10-min recovery period before the second and third ANG II infusions. About 7 min were allowed after which the maximum MAP and RBF responses were recorded during the ANG II infusion periods. RBF values are reported as milliliters per minute per gram kidney weight.
Urine and plasma sodium measurements. Urine output was determined gravimetrically assuming a density of 1 g/ml. Urine and plasma sodium concentrations were measured using flame photometry (Flame Photometer IL 973, Instrumentation Laboratory, Lexington, MA). Urinary sodium excretion (U NaV) was normalized by kidney weight and urine collection time.
Statistical analysis. The statistical analysis was performed by paired t-test using the GraphPad PRISM program (Prism 5, GraphPad, San Diego, CA) in the same individual mouse data and two-way ANOVA with Bonferroni posttests between NCX1 smϪ/Ϫ and NCX1 ϩ/Ϫ mice. The results are presented as means Ϯ SE. Significance was set at P Ͻ 0.05.
RESULTS
SBP and MAP before and during acute ANG II infusions.
As shown in Fig. 1A and previously (35) , SBP in awake mice was lower in NCX1 smϪ/Ϫ mice compared with NCX1 ϩ/Ϫ mice (119 Ϯ 4 vs. 131 Ϯ 3 mmHg, P Ͻ 0.05). In anesthetized animals under control conditions, however, MAP was not significantly lower in NCX1 smϪ/Ϫ mice than in NCX1 ϩ/Ϫ mice (101 Ϯ 8 vs. 109 Ϯ 2 mmHg, P Ͼ 0.05). Acute ANG II infusions increased MAP to 134 Ϯ 3 mmHg in NCX1 ϩ/Ϫ (P Ͻ 0.001) and to 129 Ϯ 8 mmHg in NCX1 smϪ/Ϫ mice (P Ͻ 0.01; Fig. 1B , P Ͼ 0.05). In response to these lower doses of ANG II, MAP was only slightly but not significantly increased in NCX1 ϩ/Ϫ (92 Ϯ 8 to 110 Ϯ 9 mmHg, P Ͼ 0.05) or NCX1 smϪ/Ϫ (85 Ϯ 6 to 98 Ϯ 5 mmHg, P Ͼ 0.05) mice (Fig. 3) . Interestingly, the initial RBF responses, which were used as a measure of renal vascular responsiveness, waned after a few minutes. For this analysis, the maximum responses at each ANG II dose are described. RBF was significantly decreased in NCX1 ϩ/Ϫ (3.2 Ϯ 0.3 to 1.7 Ϯ 0.2 ml·min Ϫ1 ·g Ϫ1 , P Ͻ 0.001) and in NCX1 smϪ/Ϫ (3.3 Ϯ 0.3 to 2.2 Ϯ 0.4 ml·min Ϫ1 ·g Ϫ1 , P Ͻ 0.01) mice during acute low-dose ANG II infusions (0.5 ng·min Ϫ1 ·g Ϫ1 body wt). The responses in the NCX1 smϪ/Ϫ (Ϫ34.2 Ϯ 3.9%) were, however, significantly smaller (P Ͻ 0.05) than in the NCX1 ϩ/Ϫ mice (Ϫ48.2 Ϯ 2.2). In wild-type mice (n ϭ 6), MAP was significantly increased during acute ANG II infusions (76 Ϯ 6 to 92 Ϯ 5, 106 Ϯ 9 and 124 Ϯ 9 mmHg, P Ͻ 0.01). RBF significantly decreased (2.8 Ϯ 0.2 to 0.9 Ϯ 0.3 ml·min Ϫ1 ·g
Ϫ1
, P Ͻ 0.001). The responses of RBF in wild-type mice (Ϫ51 Ϯ 7, Ϫ55 Ϯ 10, and Ϫ69 Ϯ 7%) were significantly greater than those observed in either NCX1
ϩ/Ϫ (P Ͻ 0.01) or NCX1 smϪ/Ϫ mice (P Ͻ 0.001). This is consistent with a NCX1 gene-dose effect on RBF, even though the wild-type mice were smaller (26 Ϯ 6 vs. 39 Ϯ 2 g) and more sensitive to the stress of anesthesia and surgery as reflected in lower basal BPs.
Effects of acute ANG II infusions on urine flow and U Na V. Before acute ANG II infusions, there were no significant differences in urine flow ( (1, 3, 5) . The latter are composed, at least in part, of C-type transient receptor potential (TRPC) channel proteins (3, 5) . Additionally, NCX plays a role in smooth muscle Ca homeostasis; in particular, NCX-mediated Ca 2ϩ entry is important for the maintenance of vascular tone (1, 3, 5) . Indeed, NCX1 and certain TRPC proteins, especially TRPC6, a component of ROCs, are upregulated in arterial smooth muscle in several forms of hypertension (23, 39) . This has prompted the statement that, "the interrelationship among TRPC6, Na ϩ influx, NCX, and Ca 2ϩ influx . . . is . . . the key to better understand the role of Na ϩ in hypertension" (10) . To elucidate the influence of vascular NCX1 expression on renal function, we have now determined the effects of acute ANG II infusion on renovascular responses in NCX smϪ/Ϫ mice and their heterozygous (NCX1 ϩ/Ϫ ) siblings. Previous reports indicate that NCX1 ϩ/Ϫ mice have normal BP and that their arteries have normal tone and function, comparable to arteries from wild-type mice, despite ϳ50% reduction of NCX1 expression in vascular smooth muscle (25, 35) . The NCX1 ϩ/Ϫ mice are, however, resistant to mineralocorticoid salt hypertension, whereas this treatment raises BP in wild-type mice (14) . Conversely, high salt, alone, increases BP in mice that overexpress NCX1 in smooth muscle (NCX1 smTg/Tg mice), but not in wild-type mice (14) . The implication is that vascular NCX1 is essential for the development of salt-sensitive hypertension: it may act primarily as a Ca 2ϩ entry pathway for regulating arterial tone, especially under Na ϩ -retaining conditions (14, 32).
In our study, SBP was significantly lower in unanesthetized NCX1 smϪ/Ϫ mice than in NCX1 ϩ/Ϫ mice (Fig. 1A) , as previously reported (35) . Under anesthesia, basal MAP also tended to be lower, albeit not significantly, in NCX1 smϪ/Ϫ compared with NCX1 ϩ/Ϫ mice (Fig. 1B) . These data suggest that arterial vascular tone is attenuated in NCX1 smϪ/Ϫ mice; the data fit with the observation that myogenic tone is attenuated in isolated, pressurized arteries from these mice (35) .
GFR and RBF responses to high-dose ANG II are attenuated in NCX1
smϪ/Ϫ mice. In one group of mice, we studied arterial pressure and renal function responses to acute ANG II doses (5 ng·min Ϫ1 ·g Ϫ1 body wt) that elicit increases in arterial pressure (37) . Despite the differences in arterial tone and baseline BP, acute ANG II infusion at this high dose increased MAP by a similar extent in NCX1 smϪ/Ϫ and NCX1 ϩ/Ϫ mice (Fig. 1B) . Moreover, under baseline conditions, both genotypes had similar GFR and similar C PAH (i.e., RBF). Even though the ANG II-induced BP increases were comparable (Fig. 1B) , both the GFR and C PAH declined in response to acute, high-dose ANG II were attenuated in the NCX1 smϪ/Ϫ mice compared with their NCX1 ϩ/Ϫ siblings (Fig. 2) . These data are consistent with attenuated Ca 2ϩ entry into renal vascular smooth muscle cells in NCX1
smϪ/Ϫ mice in response to ANG II as occurs under conditions where the NCX is pharmacologically blocked (8) .
The effects of ANG II on renal function result from a combination of ANG II type 1 (AT 1 ) and ANG II type 2 (AT 2 ) receptor-mediated events with the AT 1 receptor-mediated effects generally predominating (22) . Thus, ANG II administration results in net renal vasoconstriction (22) . While it is possible that changes in AT 1 and/or AT 2 receptor expression contributed to the differences observed in the responses between the NCX1 smϪ/Ϫ and the NCX1 ϩ/Ϫ
, it is more likely that these differences are due primarily to the knockout of the NCX1 in renal vascular smooth muscle cells. In the clearance experiments in which we evaluated sustained effects, acute ANG II infusions did not elicit significant changes in either C PAH or GFR in NCX1 smϪ/Ϫ mice while the NCX1 ϩ/Ϫ mice had clear reductions in both, indicating greater renal vasoconstriction.
These data demonstrate that renal vascular responses to acute ANG II infusions were attenuated in NCX1 smϪ/Ϫ mice. This is reflected by reduced C PAH and GFR responses compared with those observed in sibling NCX1 ϩ/Ϫ mice, and the smaller initial decreases in RBF in response to ANG II infusion. The reduced responses in the NCX1 smϪ/Ϫ mice indicate that NCX1 makes an important contribution to RBF in ANG II-mediated renal vasoconstriction.
RBF responses to low-dose ANG II are attenuated in NCX1
smϪ/Ϫ mice. Another group of mice was used to test the effects of low (nonpressor) doses of ANG II on continuously monitored RBF using ultrasonic flowmetry. Here, too, NCX1 smϪ/Ϫ mice exhibited a significantly smaller reduction in RBF compared with NCX1 ϩ/Ϫ mice (Fig. 3) , demonstrating that renal vascular responses to ANG II are attenuated in NCX1 smϪ/Ϫ mice compared with NCX1 ϩ/Ϫ mice. Thus, both the low-and high-dose ANG II infusion data lead to the same conclusion, namely, that NCX1 makes an important contribution to renal vascular tone regulation. The RBF responses in wild-type mice were greater than in either the NCX1 smϪ/Ϫ or NCX1 ϩ/Ϫ , suggesting a gene-dose effect. Nevertheless, the more relevant comparisons may be between the NCX1 smϪ/Ϫ 
F577 and NCX1
ϩ/Ϫ mice. These results are consistent with the observation that KB-R7943, a NCX inhibitor, decreased the peak [Ca 2ϩ ] i response to ANG II by 48%; the Ca 2ϩ entrymode NCX may therefore be an important Ca 2ϩ entry pathway that mediates ANG II vasoconstriction of afferent arteriole smooth muscle cells (8) . Upregulation of this mechanism may help to explain the augmented myogenic responses and enhanced phenylephrine-induced vasoconstriction in ouabainhypertensive rat arteries as well as the increased BP (23) . In contrast, Schweda et al. (28) studied the effects of the NCX blocker KB-R7943 on isolated rat kidneys perfused with an artificial perfusate. KB-7943 caused an increase in renal vascular resistance that was almost completely blocked by L-type calcium channel blockade with amlodipine. It was suggested that in this preparation, which is a high-flow/low-resistance model, NCX was extruding Ca 2ϩ and that blockade led to an increase in intracellular Ca 2ϩ that, in turn, activated L-type calcium channels. It is well-known that the NCX can operate in both directions depending on the ionic gradients and thus could have been contributing to Ca 2ϩ exit in this model. Our results suggest that in an in vivo setting, ANG II stimulates NCX in renal vascular smooth muscle cells to increase Ca 2ϩ entry, thus contributing to ANG II-mediated constriction and that this effect is attenuated or absent in the NCX1 smϪ/Ϫ mice. Our results are consistent with several other reports that indicate that NCX1 normally mediates Ca 2ϩ entry in arteries with tone (14, 15, 35) .
The Na ϩ excretion responses to ANG II infusions are complex; they depend on the dose and duration of the ANG II infusions, as well as on the magnitude of the BP responses. In this study, we did not detect significant changes in urine flow and urinary sodium excretion in NCX1 ϩ/Ϫ mice during acute ANG II infusions. Increases in MAP lead to diuresis and natriuresis (37) . However, the opposing effects of decreases in C PAH and GFR observed in NCX1 ϩ/Ϫ mice opposed the pressure effects resulting in no change in urine flow and sodium excretion. In the NCX1 smϪ/Ϫ , the reduced Ca 2ϩ entry into renal vascular smooth muscle cells allowed maintenance of C PAH and GFR due to attenuated renal vascular responses to acute ANG II infusions, thus allowing the effects of arterial pressure to increase urine flow and sodium excretion.
Perspectives
The data in this report demonstrate that NCX1 plays a significant role in renal vascular responses to acute ANG II infusions, as would be expected for a mechanism that contributes to the regulation of renal hemodynamics. NCX1 is also a critical link between salt and hypertension (4, (11) (12) (13) . Indeed, in a Japanese general population study, NCX1 was identified as one of the genes related to susceptibility to essential hypertension (17) . This raises the possibility that NCX1 contributes in a fundamental way to arterial pressure regulation. Indeed, NCX1 protein expression is upregulated in several types of human and experimental hypertension (23, 31, 36, 39) . New pharmacological agents that act on NCX1 may have potential in the management of hypertension.
